We compared the sequence of a 101-kb-long bacterial artificial chromosome (BAC) clone (B21H13) from Brassica oleracea with its homologous region in Arabidopsis thaliana. This clone contains a gene family involved in the synthesis of aliphatic glucosinolates. The A. thaliana homologs for this gene family are located on chromosome IV and correspond to three 2-oxoglutarate-dependent dioxygenase (AOP) genes. We found that B21H13 harbors 23 genes, whereas the equivalent region in Arabidopsis contains 37 genes. All 23 common genes have the same order and orientation in both Brassica and Arabidopsis. The 16 missing genes in the broccoli BAC clone were arranged in two major blocks of 5 and 7 contiguous genes, two singletons, and a twosome. The 118 exons comprising these 23 genes have high conservation between the two species. The arrangement of the AOP gene family in A. thaliana is as follows:
Introduction
Arabidopsis thaliana (125 Mb) and rice (Oryza sativa, 430 Mb) were targeted as the two model plants for dicots and monocots, respectively, for whole-genome sequencing mostly because of their small genome size. The genomic sequencing of A. thaliana has been completed (AGI 2000) and the sequences of all five chromosomes have already been reported (http://www.arabidopsis.org/). With these sequences in hand, an important task is to analyze their colinearity to those of crop plants. This analysis is critical not only for identifying genes of economic importance for crop improvement, but also to study their function. Additionally, this information will shed light on how the species have diverged from a common ancestor.
The Brassicacea encompass approximately 340 genera and more than 3300 species (Hall et al. 2002) . These species probably diverged from a common ancestor approximately 40 to 50 million years ago (Koch et al. 2001) . Brassica and Arabidopsis are two prominent genera in this family, of which Brassica includes many important vegetables and oilseed crops. These two genera diverged approximately 14.5 to 20.4 million years ago (Yang et al.1999 ) and are being subjected to studies of comparative genomics at two levels: (i) genetic and physical mapping and (ii) DNA sequencing. Comparative mapping and sequencing have disclosed general conservation of gene content and collinearity between A. thaliana and Brassica species. However, this conservation is incomplete, owing to extensive chromosomal rearrangements expected from the different chromosome numbers contained in these species (Kowalski et al. 1994; Lagercrantz 1998; Lan et al. 2000; O'Neill and Bancroft 2000; Ryder et al. 2001; Quiros et al. 2001; Babula et al. 2003; Lukens et al. 2003) .
The B. oleracea bacterial artificial chromosome (BAC) clone selected for this study is from broccoli and contains a gene family involved in the synthesis of aliphatic glucosinolates (GSL). GSL are a prominent and diverse group of secondary metabolites in crucifers including Brassica and Arabidopsis (Halkier 1999; Rask et al. 2000) . Many glucosinolate derivatives have significant effects in human health and agriculture. The GSL gene BoGSL-ALK, has been cloned and characterized by . The A. thaliana homologs for this gene family are located on chromosome IV and correspond to three duplicated 2-oxoglutaratedependent dioxygenase genes named AOP1, AOP2, and AOP3 (Hall et al. 2001; Kliebenstein et al. 2001) . AOP2 is the homolog for BoGSL-ALK, which controls the conversion of methylsulfinylalkyl glucosinolates to the alkenyl form. Thus it is one of the major genes controlling content of glucoraphanin (4-methylsulphinylbutyl glucosinolate) in Brassica crops. The hydrolysis of this glucosinolate yields the isothiocyanate sulforaphane, which is a strong inducer of phase II detoxification enzymes known to be of major importance in cancer protection. (Fahey et al. 1997; Nastruzzi et al. 1996; Zhang et al. 1996) . This product accumulates in broccoli owing to the presence of a non-functional allele of BoGSL-ALK . AOP3 seems to correspond to another major gene in the aliphatic glucosinolate pathway, and its probable function is the conversion of methylsulfinylalkyl glucosinolates to their hydroxyalkyl form. The function of AOP1 is unknown (Kliebenstein et al. 2001 ). The analysis of the sequence of BAC B21H13 sheds light on the organization of these important genes in B. oleracea and others genes that could be useful for the genetic improvement of this economically important species.
Methods and materials

Screening of BAC clones containing the BoGSL-ALK
The BoGSL-ALK gene was map-based cloned in B. oleracea relying on a BAC library constructed with the broccoli doubled-haploid line Early Big-10. After screening the library for clones harboring a marker associated to the BoGSL-ALK gene, we identified BAC clone B21H13 , previously reported by oversight as B13H21).
Sequencing of BAC B21H13
Brassica BAC B21H13 was sequenced and the data submitted to GenBank as accession No. AC122543 (McCombie et al. 2002) . DNA from this BAC was extracted with a standard alkaline lysis preparation method (Sambrook et al. 1989) , sheared with a nebulizer and nitrogen at 41 kPa was used to generate a concentrated smear~3-5 kb in length.
The sheared fragments were blunt ended with mung bean nuclease and dephosphorylated. Fragments ranging from 3-5 kb in size were isolated and ligated into a pBluescript KS+ plasmid. The clones were sequenced from both directions using big dye terminator chemistry and run on an ABI Prism 3700 capillary sequencer (Applied Biosystems, Foster City, Calif.). Base calling and quality assessment were done using PHRED (Ewing and Green 1998) , assembled by PHRAP, and edited with CONSED (Gordon et al. 1998 ). Gaps were filled by a combination of primer walking and shotgun sequencing of subclones with extremes at both sides of the sequencing gaps. Final error rate was estimated using CONSED.
Sequence analysis and gene prediction
The BAC sequence was analyzed for protein-coding genes with the gene-prediction software for Arabidopsis: GenScan (Burge and Karlin 1997) , GlimmerM (Salzberg et al.1999) , and MZEF (Zhang 1997) . Sequences of B21H13 (Brassica) and T4I9 and F4C12 (Arabidopsis) were aligned using BLAST 2.2.5 (Altschul et al. 1997 ). The alignment result was viewed using ACT (www.sanger.ac.uk/software/act), a DNA sequence comparison viewer based on Artemis (Rutherford et al. 2000) . The score used for ACT was 40. The sequence was also compared with Arabidopsis ESTs, cDNAs, and CDS using BLAST and FASTA with the NCBI and AGI database to analyze conservation of genes between the two species. The research was done during July 2003 and the last modified dates of all the gene models were 2-7 May 2003.
The output on exon presence generated by the geneprediction programs was combined with the alignment of segments between Brassica B21H13 and Arabidopsis. The conserved regions (exons) were run through translated BLAST (BLASTX) and were translated into proteins to adjust AG-GT exon-intron boundaries to the open reading frames. The complete predicted cDNAs were determined from the annotated structure of the gene.
Confirmation of duplication of the BoGSL-ALK gene
To confirm duplication of the BoGSL-ALK gene, we designed primers based on the putative promoter region and exon 1 of each putative duplicate to amplify broccoli BAC B21H13 and genomic DNA from collard. These two segments in the duplicate copies of BoGSL-ALK differ by 76 nucleotides in size (Fig. 1) . The sequences of the primers used were as follows: odd48, 5′-TTCCATCATTTACTTTCT-CAG-3′; and odd12, 5′-TTGAATATCCAGTGTAAGGTT-3′. Additionally, we expanded this survey to amplify the BoGSL-ALK duplicates from genomic DNA of other B. oleracea and B. rapa accessions and of two wild species related to B. oleracea (Table 1) . After amplification, the products were fractionated by electrophoresis in a 1.5% w/v agarose gel.
Phylogenetic analyses
The alignment of the genes related to glucosinolate biosynthesis in B21H13 and their AOP homologs (AOP1, AOP2, and AOP3) from different Arabidopsis species and ecotypes was made with Clustal X (version 1.81) (Thompson et al. 1997) . The maize homolog for these genes, AF540907 (Frey et al. 2003) , was used as the outgroup. Bootstrapping of a neighbour-joining tree was done with 1000 bootstrap trials and displayed with the Treeview program (Page 1996) .
Results
Identification of protein-coding genes in B. oleracea
The analysis of the broccoli BAC clone B21H13 revealed that it is approximately 101.5 kb-long and contains 23 complete protein-coding genes (Fig. 2) . All of these genes have orthologs in A. thaliana, which are found in the partially overlapping BAC clones T4I9 (1.28 Mb-1.38 Mb) and F4C12 (1.36 Mb-1.50 Mb) located on chromosome IV. The Besides the conservation of exons in the two species, there were conserved segments of various lengths in the promoters and 3′ UTR regions for some of the genes. For example, there were as many as 12 conserved fragments between Bo-20 and Bo-21, ranging from 40 to 172 bp in length, and three conserved fragments between Bo-19 and Bo-20, the longest being 311 bp. Other conserved fragments were also observed in the UTRs of Bo-2-Bo-3, Bo-9-Bo-10, Bo-10-Bo-11, and Bo-13-Bo-14 (Fig. 2) . Table 2 summarizes the main features of the broccoli B21H13 sequence compared with its A. thaliana counterpart and the whole genome of the latter species as a reference. The most striking difference was on gene density, where the Brassica clone contained on average a gene every 4.4 kb, which approaches the average gene density of the A. thaliana genome (The Rice Chromosome 10 Sequencing Consortium 2003). However, the Arabidopsis segment corresponding to the Brassica BAC clone has a higher than average gene density, one gene for every 3.2 kb, owing in part to the presence of shorter gene spacers.
Comparison of B21H13 and its the corresponding region in Arabidopsis
High level of DNA sequence conservation
All 23 genes detected in B21H13 have high sequence conservation with their Arabidopsis counterparts (Tables 3 and  4 ; Fig. 2 ). The highest DNA sequence identity was 92%, observed for homologs Bo-4 and At-4 (transducin). Fifteen genes have sequence identities ranging from 80% to 89%. Only seven genes have lower identities, of the order of 72% to 79%. Considering all the 118 protein-coding exons in B21H13, 19 exons (16%) have high DNA sequence identity ranging from 90% to 100% with their corresponding Arabidopsis exons; 70 exons (59%) have sequence identity ranging from 80% to 89%; 24 (20%) have DNA sequence identity from 70% to 79%. The rest of the exons (4%) have identities lower than 70%.
Gene content in the Brassica BAC and in its corresponding Arabidopsis region
All 23 protein-coding genes found in B21H13 are arranged in the same order and orientation in Brassica (Bo-1 to Bo-23) and Arabidopsis (At-1 to At-23) (Fig. 3) . Twelve genes have forward and 11 have reverse orientation. The main discrepancy between the corresponding sequences of both species is the absence of 16 genes in B. oleracea. Most of the missing genes in B. oleracea are found organized into two clusters of five and seven genes in Arabidopsis (Table 3; Fig. 3 ). The rest are one twosome and two singletons. Only in the spacer between Bo-17 and Bo-18, where a block of five A. thaliana genes is missing, is there evidence of the previous presence of one of these genes in ancestral times. The spacer sequence between Bo-17 and Bo-18 contains the last three exons of gene At4g03205. The first two exons of this gene are deleted, as well as the complete set of four other genes found in this interval in Arabidopsis.
Duplication of the glucosinolate genes
The three copies of the AOP genes in A. thaliana are arranged as follows: At-AOP3(GS-OHP) -At-AOP2(GS-ALK) -pseudogene -At-AOP1. On the other hand, instead of the triplet present in A. thaliana, in the B21H13 broccoli BAC, there are two pairs of duplicates for two of the AOP homologs (AOP1 and AOP2), and AOP3 is absent. The first pair corresponds to the BoGSL-ALK gene and is equivalent to the Arabidopsis AOP2 gene. The translated sequences of the BoGSL-ALK duplicates are practically identical, showing only one base difference in exon 1 (T→ C transition, at the position of 34 031 bp), and therefore we named them BoGSL-ALKa (Bo-6A) and BoGSLALKb (Bo-6B). Further, both copies are non-functional owing to the presence of the 2-bp deletion in exon 2 . The DNA segments containing Bo-6A (31 596 -34 096 bp) and Bo-6B (20 468 -22 968 bp), are completely duplicated in this BAC clone (Fig. 2) . The distance from the putative promoter region corresponding to primer odd48 to the start codon on exon 1 for BoGSL-ALKa and BoGSL-ALKb is 214 and 290 bp, respectively (Fig. 1) . The amplification of these segments in both the broccoli BAC clone and genomic DNA with primers odd48 and odd12 yielded two bands of 491 and 567 bp (Fig. 4) . Other three-primer sets designed for this region also produced double bands in both collard and broccoli DNA (data not shown). This result confirmed that the duplicated genes were real and not the result of sequencing or cloning artifacts. Then we used the same primers to amplify the same region in other Brassica accessions in which BoGSL-ALK is known to be functional, such as collard, kales, white cauliflower, Brassica macrocarpa, and Brassica rapa (Chinese cabbage and turnip), or non-functional, such as Brassica villosa (Li and Quiros 2003, and unpublished) . We detected polymorphism for the BoGSL-ALK amplicons in terms of size and number regardless of functionality. Almost half of the tested accessions showed a single BoGSL-ALK band (Fig. 4) . Three flowering kales and white cauliflower displayed the larger band, corresponding to BoGSLALKb, whereas B. macrocarpa and four accessions of Chinese cabbage had the smaller one, corresponding to BoGSLAlKa. The two turnips and one accession of B. villosa had only one band, but of intermediate migration. The size of this band was slightly larger in B. villosa than in B. rapa (Fig. 4) . Partial sequencing of the band from turnip revealed that the segment spanning from the putative promoter (primer odd48) to exon 1 (primer odd12) was 510 bp. We Fig. 2 ). The 5′ UTR region of the four BoGSL-ALK variants is remarkably similar, and it is not possible to ascertain which is ancestral. Sequencing of BoGSL-ALKa and BoGSL-ALKb from collard, where BoGSL-ALK is functional , revealed that both copies do not have the 2-bp deletion in exon 2 observed in the non-functional alleles of broccoli.
The second pair of duplicates in the broccoli BAC clone, the orthologs to Arabidopsis AOP1, were named Bo-AOP1a and Bo-AOP1b (Fig. 2) . The sequence identity of the exons between At-AOP1 (At-7) and Bo-AOP1a (Bo-7A) and BoAOP1b (Bo-7B) is 82.3% and 81.9%, respectively. The identity of the exons between Bo-AOP1a (Bo-7A) and BoAOP1b (Bo-7B) is 90.2%, higher than the identity between the different species. The two pseudogenes in the corresponding gene families are unrelated in the two species and are also unrelated to the AOP genes.
Structure of the AOP genes in Arabidopsis and broccoli BAC B21H13
To gain an insight into the evolution of the AOP1, AOP2 and AOP3 genes, we compared the structure of these three genes in A. thaliana ecotype Columbia-0 with the counterparts for the first two genes from broccoli: BoGSL-ALKa, BoGSL-ALKb, Bo-AOP1a, and Bo-AOP1b. A homolog for AOP3 has not yet been reported in Brassica. AOP1 and AOP2 have three exons in both Arabidopsis and Brassica, whereas AOP3 has four exons in Arabidopsis. After alignment, we found that the corresponding exons of all seven of these genes have high DNA sequence identity (Fig. 5 ; Table 5). Exon 1 has the highest conservation among all genes. In general, the identity of the two duplicate copies in Brassica is the highest. These have higher identity to AOP1 than this gene has to AOP2. In general, the identity levels of AOP1, AOP2, and AOP3 with each other were similar. Exon 2 in all the AOP genes and their Brassica homologs could be broken down in two to three sections according to their location in exon 2: 2a (87%-70% identity), 2b (88%-70% identity), and 2c (70%-59%) (Fig. 5) . Section 2a, comprising 170 bp, was common to all homologs. Section 2b was also present in all homologs, but it displayed different arrangements. In AOP1 and its Brassica homologs, section 2b was next to section 2a. In AOP2 and its two Brassica homologs, section 2c was next to 2a, followed by 2b. Section 2b has a length of 170 bp in all homologs, except for Brassica BoAOP1a and Bo-AOP1b, where this section is 161 bp long. Furthermore, in AOP3, section 2b is present as an independent entity from the other two sections, forming an additional exon, exon 3, in this gene. Exon 3 conserves the 170-bp length present in most of the other homologs. Section 2c is variable in size, except for Brassica homologs BoGSL-ALKa and BoGSL-ALKb.
Phylogenetic analyses of the AOP genes
The tree generated by Clustal X included sequences from GenBank for the three AOP homologs from various A. thaliana ecotypes, A. lyrata and A. halleri, as well as B. oleracea. Clustal X resolved a tree with two main clusters, one split in two subgroups including AOP2 and their Brassica homologs and AOP3, and the other cluster including AOP1 and its homologs. In agreement with the structural data for the AOP genes, the first cluster includes all the genes containing the extra exonic section 2c, which is present in the genes of the two subgroups. Within the AOP1 cluster, the Brassica homologs form their own branch showing higher proximity to the A. lyrata homolog than to the A. thaliana and A. halleri homologs. A similar situation was observed for the AOP2 subgroup, where the Brassica homologs occupy a single branch closer to A. lyrata than to the A. thaliana homologs. The maize homolog AF540907 occupies a separate branch in the tree (Fig. 6 ).
Other genes in B21H13
The exon number of the other Brassica genes on BAC B21H13 and their corresponding Arabidopsis homologs is conserved, showing the typical high-identity values for the sequences of these two species (Table 4 and Fig. 2) . The function for most of the Arabidopsis homologs on this BAC is unknown. However, there are a few other genes of interest, like At-3 (At4g03010) and At-19 (At4g03260), which belong to the leucine-rich repeat protein family. At-14 (At4g033140) is a member of a short-chain acyl-CoA dehydrogenase/reductase family protein; At-11 (At4g03115) is a member of a mitochondrial carrier protein family. At-8 (At4g03090) and At-18 (At4g03250) correspond to homodomain proteins. At-10 (At4g03110) is an RNA-binding protein. At-4 (At4g03020) is one of the six members of the transducin/WD-40 protein family. At-12 (At4g03120) is a member of a proline-rich protein family containing prolinerich extension domains. At-16 (At4g03190) is an F-box GRR1-like protein. At-21 (At4g03280) corresponds to a Rieske FeS protein (component of cytochrome b6F complex (EC 1.10.99.1)). cDNA sequences have been obtained for the last six genes supporting their structure and function.
In addition to these homologs, we found 10 simple sequence repeat (SSR) loci near or inside some of the proteincoding genes in B21H13. Five of them are dinucleotide SSRs, (AC) 8 in intron 2 of Bo-2, (AG) 8 in intron 13 of Bo-8, (AG)9 105 bp upstream of Bo-9, (CT) 9 upstream of Bo-14, and (AG) 9 in intron 5 of Bo-17. The following four trinucleotide SSRs were also found: (CTT) 6 present in exon 1 of Bo-2, (AAC) 7 in intron 3 of Bo-11, and (CCT) 7 and (TCA) 11 in exon 2 of Bo-13. One mixed SSR consisting of dinucleotide and trinucleotide repeats, (AGG) 6 (ATG) 6 (AC) 1 (ATG) 2 was found in exon 4 of Bo-18. Only the last mixed SSR was conserved in Arabidopsis, the others were unique to the B. oleracea BAC.
Discussion
Microcolinerity between Brassica and Arabidopsis
Our results comparing corresponding sequences of B. oleracea (~101 kb) and A. thaliana (~119 kb) support previous reports on the general conservation of gene structure, order, and content between Brassica and Arabidopsis based on hybridization (Cavell et al. 1998; Lan et al. 2000; O'Neil and Bancroft 2000; Bancroft 2001 ) and on DNA sequence analysis (Quiros et al. 2001 ). This conservation is mostly incomplete and segmental, accounting for numerous genomic rearrangements resulting in frequent gene reshuffling and duplication. Our findings are not unexpected, considering that B. oleracea has almost twice the chromosome number of A. thaliana and they are divergent enough to be classified in different taxonomic tribes. The absence of 16 out of 37 genes (43%) in Brassica suggests that blocks of genes have often been moved during evolution of the Brassicaceae. Gene absence in Brassica segments homologous to Arabidopsis has been reported before by O'Neil and Bancroft (2000) . According to their findings, the most likely scenario is that these genes have not been lost but are located somewhere else in the Brassica genome. Not having sequence information for this segment in other related species, it is impossible to infer what might be the ancestral gene arrangement. However, the presence of three relic exons of gene At4g03205 between Bo17 and Bo18 suggests that at least some of the five missing genes in that segment existed previously in B. oleracea. The high level of interspecies conservation for the orthologs found in B21H13 in terms of exon number, size, and sequence was within the range observed for other genes previously compared (Quiros et al. 2001) . However, none of the three exon-prediction programs designed for A. thaliana used in the analysis of the sequences was able to find all the exons in the genes. The most effective method to identify nearly all the exons was sequence comparison, including cDNAs, when available. Similar results were reported for barley BACs when using rice for comparison (Dubcovsky et al. 2001) .
Evolution of AOP genes
It is becoming evident that the genes involved in aliphatic GSL biosynthesis are organized in gene families. For example, the MAM genes coding for isopropyl malate synthases have at least four members, two repeated in tandem on chromosome V sharing a nucleotide similarity of 87%, and two others on different arms of chromosome I. At least one of these genes is involved in GSL side-chain elongation (Campos de Quiros et al. 2000 , Kroymann et al. 2001 . Two other key genes in the pathway, determining the short (3 and Table 2 . M is for 100 bp markers. have originated from this gene by acquiring a second insertion, thereby splitting exon 2 by insertion of the sequence corresponding to intron 2. These observations confirm the plasticity of the genomes in the Brassicaceae where extensive rearrangements have taken place during the evolution of the species of these families, at both gene and chromosomal levels.
